Sleep deprivation impairs calcium signaling in mouse splenocytes and leads to a decreased immune response  by Lungato, Lisandro et al.
Biochimica et Biophysica Acta 1820 (2012) 1997–2006
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbagenSleep deprivation impairs calcium signaling in mouse splenocytes and leads to a
decreased immune response
Lisandro Lungato a, Marcos L. Gazarini b, Edgar J. Paredes-Gamero c, Ivarne l.S. Tersariol c,
Sergio Tuﬁk a, Vânia D'Almeida a,⁎
a Department of Psychobiology, Universidade Federal de São Paulo-UNIFESP, São Paulo, SP, Brazil
b Department of Biosciences, Universidade Federal de São Paulo-UNIFESP, Santos, SP, Brazil
c Department of Biochemistry, Universidade Federal de São Paulo-UNIFESP, São Paulo, SP, Brazil⁎ Corresponding author at: Rua Napoleão de Barros, 9
São Paulo, SP, Brazil. Tel.: +55 11 2149 0155x283.
E-mail address: vaniadalmeida@uol.com.br (V. D'Alm
0304-4165 © 2012 Elsevier B.V.
http://dx.doi.org/10.1016/j.bbagen.2012.09.010
Open access under the Elsea b s t r a c ta r t i c l e i n f oArticle history:
Received 23 May 2012
Received in revised form 20 August 2012
Accepted 14 September 2012
Available online 20 September 2012
Keywords:
Ca2+ signaling
Splenocytes
Sleep deprivation
Mitochondrial dysfunction
Mice
Background: Sleep is a physiological event that directly inﬂuences health by affecting the immune system, in
which calcium (Ca2+) plays a critical signaling role. We performed live cell measurements of cytosolic Ca2+
mobilization to understand the changes in Ca2+ signaling that occur in splenic immune cells after various
periods of sleep deprivation (SD).
Methods: Adult male mice were subjected to sleep deprivation by platform technique for different periods
(from 12 to 72 h) and Ca2+ intracellular ﬂuctuations were evaluated in splenocytes by confocal microscopy.
We also performed spleen cell evaluation by ﬂow cytometry and analyzed intracellular Ca2+ mobilization in
endoplasmic reticulum and mitochondria. Additionally, Ca2+ channel gene expression was evaluated
Results: Splenocytes showed a progressive loss of intracellular Ca2+ maintenance from endoplasmic reticu-
lum (ER) stores. Transient Ca2+ buffering by the mitochondria was further compromised. These ﬁndings
were conﬁrmed by changes in mitochondrial integrity and in the performance of the store operated calcium
entry (SOCE) and stromal interaction molecule 1 (STIM1) Ca2+ channels.
Conclusions and general signiﬁcance: These novel data suggest that SD impairs Ca2+ signaling, most likely as a
result of ER stress, leading to an insufﬁcient Ca2+ supply for signaling events. Our results support the previ-
ously described immunosuppressive effects of sleep loss and provide additional information on the cellular
and molecular mechanisms involved in sleep function.© 2012 Elsevier B.V. Open access under the Elsevier OA license. 1. Introduction
Sleep deprivation (SD) is an increasingly common condition in
modern life and results in a predisposition to many disorders. Sleep
loss has been associated with increased cardiovascular risk [1], psycho-
logical stress and immune system incompetence [2,3]. Recently, short
sleep duration was shown to be associated with a high risk of mortality
in humans [4,5]. Modiﬁcations of the immune system and host defense
mechanisms have been reported to develop in response to sleep disor-
ders [6,7]. Some sleep-deprived animals showed bacterial invasion in
tissues that are normally sterile. This condition may account for the
advancedmorbidity exhibited by these animals and suggests an impair-
ment of the host defense system [6]. More importantly, other studies
have shown that immunization efﬁciency is reduced during SD or
sleep restriction [2,6,8]. Our group demonstrated that 96 h of SD in
rats results in a pronounced increase in the plasma corticosterone25, 3º andar, CEP 04024–002,
eida).
vier OA license. concentration, reductions in total leukocyte and lymphocyte numbers
and a reduction in spleenweight [7]. Increased susceptibility to bacteri-
al infections was also observed in sleep-deprived rats. In this
experiment, bacteria were detected in normally sterile tissues, demon-
strating a severe loss of immune system function [8].
Immune system cells undergo a complex signaling cascade upon
exposure to extracellular stimuli. Sleep is postulated to exert a restor-
ative effect on the immune system [3,9]. Several studies have
discussed changes in host defense mechanisms that manifest in re-
sponse to sleep disorders or long periods of SD, including a greater
susceptibility to pathogenic infection [2,6,10,11]. The sleep cycle
and cytokine levels are correlated, and several proinﬂammatory cyto-
kines have been shown to enhance slow-wave sleep [9].
Although several studies have investigated the impact of SD on
various immune parameters and have shown an impairment of the
immune response in cases of sleep deﬁcit, few studies have addressed
the mechanisms involved in this impairment. A deeper understand-
ing of the molecular and cellular pathways by which sleep and the
immune system are interrelated should promote a better apprecia-
tion for the beneﬁts of sleep and new insights into the function of
the immune system.
Fig. 1. Twelve hours of SD induces an increase in extracellular Ca2+ entry and a reduction in mitochondrial membrane potential. (A) Activity of SOCE channels. Splenocytes from
control (CT) and mice sleep deprived for 12 h were loaded with Fluo-4 AM in a nominally Ca2+-free solution and stimulated with Thg (1 μM), followed by the addition of CaCl2
(1.3 mM). The resulting Ca2+ inﬂux was measured. The results are expressed as the mean±S.E.M of the difference between basal ﬂuorescence and after addition of CaCl2 (106
cells/spleen, n=3; Student's t test *, pb0.05 vs. control). (B) Mitochondrial Ca2+ in splenocytes of mice sleep deprived for 12 h vs. control (106 cells/spleen, n=3; Student's
t test *, pb0.08 vs. control). (C) Mitochondrial membrane potential of Ca2+ in splenocytes of mice sleep deprived for 12 h vs. control (106 cells/spleen, n=3; Student's t test *,
pb0.001 vs. control).
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cule that regulates many cellular processes [12]. As prolonged in-
creases in cytosolic Ca2+ concentrations are harmful to cells,
signaling-related ﬂuctuations promote a rapid activation of Ca2+
storage and extrusion mechanisms, a phenomenon conserved since
the development of unicellular organisms [12]. In mammalian cells,
the classical Ca2+ storage area is the endoplasmic reticulum (ER).
While this inositol-1,4,5-trisphosphate (IP3)-sensitive organelle
plays an important role in regulating the intracellular Ca2+ concen-
tration, other organelles, such as mitochondria and the Golgi, also
participate [12]. Ca2+ ﬂuctuations are essential for the activity of
many immune cells (B, T and natural killer (NK) cells, monocytes
and macrophages) and are involved in cellular activation, cytokine
exocytosis, interactions between antigen-presenting cells and T cells
and gene expression [12,13]. These ﬂuctuations are activated by a
Ca2+ sensor protein called stromal interaction molecule 1 (STIM1).
This protein activates ORAI1, a pore-forming protein subunit linked
to the family of calcium release-activated calcium (CRAC) channels,
resulting in the opening of this channel and Ca2+ entry [14,15].
The Ca2+ release events that occur in cells of the innate immune
system participate in a complex network of oscillating metabolic
pathways, including changes in mitochondrial metabolism upon tran-
sient Ca2+ ﬂuctuations [13]. These pathways also regulate cellular
levels of transcription factors and reactive oxygen species, which
vary in response to inﬂammatory conditions [12,16]. In this context,
we investigated the mechanisms underlying changes in Ca2+ signal-
ing and maintenance of intracellular Ca2+ stores in splenocytes
after various periods of SD to provide new insights into the mecha-
nisms that contribute to compromised immune function after SD.
2. Materials and methods
2.1. Subjects
Male Swiss mice (3 months old; 30–35 g) from a colony
maintained by the Department of Psychobiology, Universidade Feder-
al de São Paulo (UNIFESP), were used in this study. Animals weremaintained on a 12:12 light–dark cycle under controlled temperature
conditions (20±2 °C) with free access to food and water. The mice
were maintained and treated in accordance with the guidelines
established by the Ethical and Practical Principles of the Use of Labo-
ratory Animals (n° 0183/08).2.2. Sleep deprivation and experimental protocol
To determine the effects of different periods of SD, the classical
platform technique as adapted to mice was used for each group of
3–4 mice [17]. Each group of mice was placed on a narrow platform
(12×3 cm each – 14 platforms per container) surrounded by water
in a container (41 cm×34 cm×16.5 cm) for 12, 24, 36, 48, 60 or
72 h. This protocol results in sleep disruption whenever the mice ex-
perience muscle atonia and touch the water [17,18]. After completing
the period of sleep deprivation, the mice were euthanized by cervical
dislocation. Their spleens were harvested, and splenocytes were iso-
lated [19]. A group of 3–4 animals was used as a standard control
for each experiment to minimize the number of animals euthanized
during the study. For this reason, the sleep deprivation procedure
was timed so that all animals were euthanized on the same day.2.3. Splenocyte isolation
Spleen cells from the control and sleep-deprived groups were
treated twice for 10 min with ice-cold erythrocyte lysis buffer
(150 mM NH4Cl, 10 mM NaHCO3, 0.1 mM EDTA) and then washed
three times with cell buffer (137 mM NaCl, 5.7 mM KCl, 1 mM
CaCl2, 0.3 mM Na2HPO4, 0.4 mM MgSO4, 0.6 mM KH2PO4, 4 mM
NaHCO3 and 25 mM Hepes, pH 7.4). Ca2+ ﬂuorescence measure-
ments were taken in a spectroﬂuorometer cuvette. Cell viability was
evaluated with the trypan blue exclusion test and determined to be
greater than 80%. The heterogeneous spleen cell population has
been reported to consist of mostly lymphocytes, e.g., T and B cells
[20,21].
Fig. 2. Twenty‐four hours of SD leads to increased Ca2+ uptake by mitochondria. (A) Activity of SOCE channels. Splenocytes from control (CT) and 24 h sleep‐deprived mice were
loaded with Fluo-4 AM in a nominally Ca2+-free solution, stimulated with Thg (1 μM) followed by the addition of CaCl2 (1.3 mM). The resulting Ca2+ inﬂux was measured. The
results are expressed as the mean±S.E.M of the difference between basal ﬂuorescence and after addition of CaCl2. (106 cells/spleen, n=3; Student's t test p>0.05 vs. control,
ns). (B) Mitochondrial Ca2+ in splenocytes of mice sleep deprived for 24 h vs. control (106 cells/spleen, n=3; Student's t test *, pb0.02 vs. control). (C) Mitochondrial membrane
potential of Ca2+ in splenocytes of mice SD for 24 h vs. control (106 cells/spleen, n=3; Student's t test *, pb0.01 vs. control). (D) Mobilization of intracellular Ca2+ in splenocytes.
Release of intracellular Ca2+ was promoted by addition of Thg (10 μM) followed by Nig (10 μM) (Student's t test, ns). (E) Mobilization of intracellular Ca2+ in splenocytes. Release
of intracellular Ca2+ was promoted by addition of Thg (10 μM) and Nig (10 μM) under two different buffers (with or without CaCl2 1 mM) (two-way ANOVA, ns).
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The following antibodies were used to analyze the different
populations of hematopoietic cells: Mac-1, B220, CD3, F4/80, NK1.1,
Ter-119 and Gr-1 [22]. All antibodies were purchased from Becton
Dickinson (USA). To identify mature populations, isolated spleen
cells (106/sample) were labeled with antibodies for 20 min and
then washed with PBS. B220+ cells were deﬁned as B cells. CD3+
cells were deﬁned as T cells. F4/80+Mac-1+ cells were deﬁned as
monocytes/macrophages. NK1.1+ cells were deﬁned as NK cells.
Ter-119+ and Gr-1+ cells were excluded from the analysis. Cytometric
analyses were performed on a FACS Calibur (Becton Dickinson) ﬂow
cytometer using Cell Quest (Becton Dickinson) and FlowJo software.
2.5. Intracellular Ca2+ mobilization measurements
Splenocyte cell suspensions (106 cells/ml) were incubated with
the cytosolic Ca2+ indicator Fluo-3 AM (5 μM) for 40 min at 37 °C
in a buffer containing Probenecid (40 μM), an anion transportinhibitor used to minimize dye extrusion. To measure mitochondrial
Ca2+ ﬂuctuations, cells were incubated with X-Rho-1 AM ﬂuorescent
dye (1 μM) for 45 min at 37 °C. The cells were then washed three
times with cell buffer and centrifuged (2000 rpm/10 min) at room
temperature in the presence of Probenecid (40 μM). Continuous ﬂuo-
rescence measurements (250 s) were performed in a Shimadzu
RF-5301 PC spectroﬂuorometer at 37 °C with the drug added to the
sample cuvette. The following dye excitation/emission parameters
were used for Fluo-3 AM and X-Rhod 1 AM: 505 nm/530 nm and
580 nm/600 nm, respectively. Fluorescence data were normalized as
(F, maximal ﬂuorescence after drug addition/F0, ﬂuorescence before
drug addition). To promote Ca2+ intracellular mobilization in
splenocytes, we used the following speciﬁc reagents: (i) the Ca2+
ATPase inhibitor thapsigargin (Thg), which releases Ca2+ from ER
stores, and (ii) the K+/H+ ionophore nigericin (Nig), which releases
Ca2+ from lysosomes by disrupting the H+ gradient. Store operated
calcium entry (SOCE) channel activity was determined by intracellu-
lar Ca2+ measurements on a microplate reader. To perform intracel-
lular Ca2+ measurements in microtiter plates, 106 cells per well
Fig. 3. Thirty‐six hours of SD leads to increased Ca2+ uptake by mitochondria. (A) Activity of SOCE channels. Splenocytes from control (CT) and 36 h sleep‐deprived mice were
loaded with Fluo-4 AM in a nominally Ca2+-free solution, stimulated with Thg (1 μM) followed by the addition of CaCl2 (1.3 mM). The resulting Ca2+ inﬂux was measured. The
results are expressed as the mean±S.E.M of the difference between basal ﬂuorescence and after addition of CaCl2. (106 cells/spleen, n=3; Student's t test p>0.05 vs. control,
ns). (B) Mitochondrial Ca2+ in splenocytes of mice sleep deprived for 36 h vs. control (106 cells/spleen, n=3; Student's t test *, pb0.0001 vs. control). (C) Mitochondrial membrane
potential of Ca2+ in splenocytes of mice sleep deprived for 36 h vs. control (106 cells/spleen, n=3; Student's t test *, pb0.0003 vs. control).
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Direct Calcium Assay Kit reagent diluted in HBSS (Hanks Balanced
Salt Solution), according to the manufacturer's instructions (Molec-
ular Probes/Invitrogen, USA). After 1 h of indicator incorporation at
37°C, the cells were centrifuged, and ﬂuorescence was determined
in a FlexStation 3 microplate reader (Molecular Devices, USA).
Fluo-4 was excited at 490 nm, and light emission was detected at
525 nm.
2.6. Ca2+ ﬂuctuations with confocal imaging
Ca2+ ﬂuorescence measurements were conducted on isolated
splenocytes incubated with Fluo-3 AM (5 μM) for 40 min at 37 °C and
placed in microscopy chambers at room temperature. Data were col-
lected with a Zeiss confocal microscope (LSM 510) using the LSM 510
software, version 2.5, with excitation at 488 nm (Argon laser), and
emission collectedwith a bandpass ﬁlter of 505–550 nm. Themorphol-
ogy and integrity of the organelles involved in the maintenance and
ﬂuctuation of Ca2+ levelswere analyzedwith differentﬂuorescent indi-
cators to determine theﬂuorescence distribution pattern in spleen cells.
The ﬂuorescent indicators used were Acridine Orange (AO) [23] which
measures lysosomal integrity (3 μM; Ex: 488 nm; Emgreen: 505–
530 nm and Emred: > 560 nm); TMRE, an indicator of mitochondrial
potential (0.5 μM; Ex: 543 nm; Em: 560 nm) [24]; and X-Rhod1 AM,
which measures mitochondrial integrity (1 μM; Ex: 543 nm; Em:
560 nm) [24]. The software-based analysis permitted ﬂuorescence im-
aging in the whole ﬁeld of view or in a selected cell as a function of
time. This was accomplished by deﬁning areas of interest (e.g., an entire
cell) on a given image frame and directing the software to construct a
graphical representation of intensity over time. Traces represent typical
single cell responses, and histograms present the mean±S.E.M of ﬂuo-
rescence changes in the analyzed cell population.
2.7. RNA isolation and RT-PCR
RNA was isolated using Trizol according to the manufacturer's
protocol. Total RNA was reverse-transcribed using the PTC 200 PeltierThermal Cycler. PCR was performed on a DNA thermal cycler
(Bio-Rad) using the CFX96 Real Time System. The primers used for
this analysis were as follows: STIM1: forward: CAGTGAAACACAG
CACCTTCC, reverse: AAGAGCACTGTATCCAGAGCC; ORAI1: forward:
TCGGTCAAGGAGTCCCCCCAT, reverse: GTCCTGTAAGCGGGCAAACTC;
GADPH: forward: TGCACCACCAACTGCTTA, reverse: GGATGCAGGGA
TGATGTTC. cDNA samples were ampliﬁed as follows: denaturation
at 95 °C, annealing at 58 °C, and extension at 72 °C for 40 cycles.
2.8. Statistical analysis
Experiments were carried out with at least three different cell
preparations extracted from three isolated mouse spleens for each
preparation. The data are expressed as the mean±S.E.M. Compari-
sons were performed with the unpaired t test or two-way ANOVA
analysis followed by the Tukey post hoc test. STIM1 and ORAI1 ex-
pression levels were analyzed by the delta delta CT method. Calcula-
tions were performed using PrismTM for Windows, version 4.03
(GraphPad, USA). The signiﬁcance level was set at P b 0.05.
3. Results
3.1. 12 h of SD induces an increase in extracellular Ca2+ entry and a
reduction in mitochondrial membrane potential
To determine the SD-induced sequence of events that inhibits the
immune response, we studied Ca2+ ﬂuctuations and ion homeostasis
in a time series experiment. Because we obtained samples at different
zeitgeber times (ZT's; ZT0 and ZT12), we ﬁrst investigated the possibil-
ity of circadian ﬂuctuations in the analyzed parameters. No such varia-
tionswere observed (data not shown) and the variationswe found after
SD did not seem to be a consequence of circadian alterations.
SOCE channels represent an important component of the Ca2+ ho-
meostasis pathway in non-excitable cells such as lymphocytes. We
therefore investigated SD-induced alterations in SOCE channel activi-
ty using a classical protocol in which we stimulated splenocyte with
ThG and reintroduce Ca2+. In samples isolated from mice subjected
Fig. 4. Forty‐eight hours of SD leads to depletion of intracellular Ca2+ stores. (A) Activity of SOCE channels. Splenocytes from control (CT) and 48 h sleep‐deprivedmicewere loadedwith
Fluo-4 AM in a nominally Ca2+-free solution, stimulatedwith Thg (1 μM) followed by the addition of CaCl2 (1.3 mM). The resulting Ca2+ inﬂuxwasmeasured. The results are expressed
as the mean±S.E.M of the difference between basal ﬂuorescence and after addition of CaCl2. (106 cells/spleen, n=3; Student's t test, p>0.05 vs. control, ns). (B) Mitochondrial Ca2+ in
splenocytes of mice sleep deprived for 48 h vs. control (106 cells/spleen, n=3; Student's t test *, pb0.0004 vs. control). (C) Mitochondrial membrane potential of Ca2+ in splenocytes of
mice sleep deprived for 48 h vs. control (106 cells/spleen, n=3; Student's t test *, pb0.0001 vs. control). (D)Mobilization of intracellular Ca2+ in splenocytes. Release of intracellular Ca2+
was promoted by addition of Thg (10 μM) followed by Nig (10 μM) (Student's t test *, pb0.01 vs. control). (E) Mobilization of intracellular Ca2+ in splenocytes. Release of intracellular
Ca2+ was promoted by addition of Thg (10 μM) and Nig (10 μM) under two different buffers (with or without CaCl2 1 mM) (two-way ANOVAwith Tukey pos-hoc *, pb0.05 vs. control).
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tion with Fluo 4-AM and subsequent exposure to CaCl2 (Fig. 1A,
pb0.05). Cells were also incubated with X-Rhod1 AM to estimate
the mitochondrial Ca2+ concentration and with TMRE to determine
the mitochondrial membrane potential by confocal microscopy. Al-
though no difference was detected in the mitochondrial ﬂuorescence
ratio (Fig. 1B), the calcium inﬂux data were corroborated by a reduc-
tion in the mitochondrial membrane potential (Fig. 1C).
3.2. 24 h and 36 h of SD leads to increased Ca2+ uptake by mitochondria
The total inﬂux of Ca2+ was normalized after 24 h of SD (Fig. 2A),
but an increased mitochondrial ﬂuorescence ratio was observed
(Fig. 2B, pb0.015), suggesting an elevated Ca2+ concentration inside
the organelle. Accordingly, a reduction in membrane potential was
also observed (Fig. 2C). Fluorescence derived from intracellular
Ca2+ release from the ER was observed upon the addition of the ER
Ca2+ ATPase inhibitor Thg followed by the K+/H+ ionophore
Nigericin.The calcium stores (ER and lysosomes; Fig. 2D) were not affected
by the presence or absence of extracellular Ca2+ (Fig. 2E). The Ca2+
inﬂux was not altered in mouse splenocytes after 36 h of SD
(Fig. 3A). However, the mitochondrial stores were still increased
(Fig. 3B), and the mitochondrial membrane potential was slightly re-
duced (Fig. 3C).3.3. 48 h of SD leads to depletion of intracellular Ca2+ stores
Splenocytes isolated from mice subjected to 48 h of SD presented
unchanged levels of Ca2+ inﬂux through the SOCE channels (Fig. 4A)
as well as an increase in mitochondrial ﬂuorescence (Fig. 4B). We also
observed a drastic reduction in mitochondrial membrane potential
(Fig. 4C). In addition, the ER and lysosomal stores of Ca2+ were signif-
icantly reduced as compared with controls (Fig. 4D, pb0.01). SD for
48 h resulted in a 47% reduction in Ca2+ release from the ER in the
presence of the Thg inhibitor and a 70% reduction from lysosomal
stores in the presence of the Nig ionophore as compared with control
Fig. 5. Sixty hours of SD reduces the inﬂux of extracellular Ca2+ and disrupts the mitochondrial membrane potential. (A) Activity of SOCE channels. Splenocytes from control (CT)
and 60 h sleep‐deprived mice were loaded with Fluo-4 AM in a nominally Ca2+-free solution, stimulated with Thg (1 μM) followed by the addition of CaCl2 (1.3 mM). The resulting
Ca2+ inﬂux was measured. The results are expressed as the mean±S.E.M of the difference between basal ﬂuorescence and after addition of CaCl2. (106 cells/spleen, n=3; Student's
t test *, pb0.01 vs. control). (B) Mitochondrial Ca2+ in splenocytes of mice sleep deprived for 60 h vs. control (106 cells/spleen, n=3; Student's t test *, pb0.0001 vs. control).
(C) Mitochondrial membrane potential of Ca2+ in splenocytes of mice sleep deprived for 60 h vs. control.
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or without calcium buffers (Fig. 4E, pb0.05).
3.4. Both 60 and 72 h of SD reduce the inﬂux of extracellular Ca2+ and
disrupt the mitochondrial membrane potential
After 60 h of SD, the ﬂuorescence derived from Ca2+ inﬂux was
signiﬁcantly reduced (pb0.01) as compared with the controls
(Fig. 5A). We also observed that the mitochondrial Ca2+ ﬂuorescence
intensity remained high (Fig. 5B) and that the mitochondrial mem-
brane potential was almost nonexistent (Fig. 5C).
After 72 h of SD, we noted a reduction in the extracellular Ca2+ in-
ﬂux (pb0.01; Fig. 6A) as well as an increase in mitochondrial Ca2+
ﬂuorescence (Fig. 6B) and a disruption in the mitochondrial mem-
brane potential (Fig. 6C). The Ca2+ ﬂuorescence ratios from the intra-
cellular ER and lysosomal stores were reduced by 60% and 80%,
respectively, after 72 h of SD (Fig. 6D, pb0.01) and were similar in
cells cultured with or without extracellular calcium (Fig. 6E, pb0.05).
We observed a signiﬁcant increase in the mitochondrial Ca2+
ﬂuorescence of sleep-deprived mice (pb0.05; Fig. 7A). Whenwe eval-
uated mitochondrial reuptake of ER- and lysosome-derived Ca2+, we
observed a reduction in the Ca2+ released by the ER (pb0.05) but not
in that released by the lysosomes (Fig. 7B). Our data reveal that the
SD-induced reduction in the cytosolic Ca2+ concentration leads to
reduced ion uptake by the mitochondria and might affect organelle
metabolism. The reduction in Ca2+ released from ER was also
conﬁrmed by confocal microscopy after 72 h of SD (Fig. 7C).
3.5. Lysosomal integrity is impaired after 72 h of SD
To determine whether the Ca2+ released from lysosomes was de-
rived from the ER, we measured the ﬂuorescence ratio using Nig
followed by Thg. The ionophore Nig is used to disrupt the H+ gradient
in acidic organelles because Ca2+ transport in these organelles is par-
tially dependent on the H+ gradient generated by the H+ ATPase. A
signiﬁcant reduction in the amount of Ca2+ released into the medium
was observed, suggesting that lysosomes, which are considered im-
portant Ca2+ storage sites, are also compromised by SD (Fig. 8A,
pb0.05). We also show, for the ﬁrst time, that a disruption in theelectrochemical hydrogen gradient occurs after 72 h of SD in mouse
splenocytes (Fig. 8B).
3.6. The ER starts to signal the inﬂux of extracellular Ca2+ after 72 h of
SD
Proteins involved in Ca2+ homeostasis, including the Ca2+ sensor
Stim1 and the CRAC channel Orai1, can provide important informa-
tion on the integrity of the Ca2+ homeostasis pathway. The STIM1
gene was overexpressed in sleep-deprived animals after 72 h
(Fig. 9; pb0.05), whereas no differences in the expression of ORAI1
were observed.
3.7. SD leads to a reduction in spleen cell numbers
Interestingly, we observed a 42% reduction in total spleen cell
number in animals subjected to SD for 72 h (Fig. 10A; pb0.03). This
result may indicate a relationship between the impaired immune re-
sponse and SD-induced spleen cell reduction. We also measured the
abundance of different spleen cell populations by ﬂow cytometry. A
signiﬁcant decrease in the B cell population (Fig. 10B; pb0.05) was
observed in spleens from animals subjected to 72 h of SD as com-
pared with controls.
4. Discussion
Sleep is essential to survival and sleep deprivation represents a
challenge to the organism, which in turn induces a whole stress
response activated in order to restore the homeostasis. The effects
observed in this study represent the entire cellular effort in dealing
with the absence of sleep in addition to the several consequences
produced by this procedure.
We have demonstrated that sleep deprivation exerted an interesting
inﬂuence on intracellular Ca2+ homeostasis in mouse splenocytes. SD
for longer than 48 h induced a signiﬁcant reduction in intracellular
Ca2+ mobilization in splenocytes after exposure to the SERCA inhibitor
Thg (Figs. 4D and 6D). Interestingly, SD-induced disruptions in Ca2+
homeostasis, which, in turn, lead to ER stress [25], might also compro-
mise immune cell maturation and activation, processes that require
Fig. 6. Seventy‐two hours of SD reduces the inﬂux of extracellular Ca2+ and disrupts the mitochondrial membrane potential. (A) Activity of SOCE channels. Splenocytes from control
(CT) and mice sleep deprived for 72 h were loaded with Fluo-4 AM in a nominally Ca2+-free solution, stimulated with Thg (1 μM) followed by the addition of CaCl2 (1.3 mM). The
resulting Ca2+ inﬂux was measured. The results are expressed as the mean±S.E.M of the difference between basal ﬂuorescence and after addition of CaCl2. (106 cells/spleen, n=3;
Student's t test *, pb0.01 vs. control). (B) Mitochondrial Ca2+ in splenocytes of mice sleep deprived for 72 h vs. control (106 cells/spleen, n=3; Student's t test *, pb0.0007 vs. con-
trol). (C) Mitochondrial membrane potential of Ca2+ in splenocytes of mice sleep deprived for 72 h vs. control. (D) Mobilization of intracellular Ca2+ in splenocytes. Release of
intracellular Ca2+ was promoted by addition of Thg (10 μM) followed by Nig (10 μM) (Student's t test *, pb0.01 vs. control). (E) Mobilization of intracellular Ca2+ in splenocytes.
Release of intracellular Ca2+ was promoted by addition of Thg (10 μM) and Nig (10 μM) under two different buffers (with or without CaCl2 1 mM) (two-way ANOVA with Tukey
pos-hoc *, pb0.05 vs. control).
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nation for the reduction in immune response that occurs after SD in
humans and animals [3,8,14].
Release of Ca2+ from intracellular stores induces an inﬂux of Ca2+
through the plasma membrane due to the opening of Ca2+ release-
activated Ca2+ channels (CRAC). This event can be observed by com-
paring the results obtained with regular and Ca2+-free buffers (Figs.
4D and E and 6D and E), which show that the presence of Ca2+ in
the medium is essential to maintain the high Ca2+ level necessary
for intracellular signaling.
Ca2+ accumulation in organelles occurs mainly through ATPase
activity (Ca2+ and H+). In acidic organelles (e.g., lysosomes and
Golgi), Ca2+ inﬂux via Ca2+/H+ exchangers is an important contrib-
utor to membrane fusion between endosomes and lysosomes as well
as intracellular signaling [27]. Assays that use ionophores (e.g., Nig)
to disrupt the H+ gradient in lysosomes of immune cells (macro-
phages) have shown a direct correlation between organelle luminal
pH and Ca2+ maintenance [28].
When Nig was added to splenocytes isolated from mice subjected
to 72 h of SD, the increase in Ca2+ ﬂuorescence was lower than thatobserved in control animals (Fig. 8A). Sleep-deprived animals clearly
do not ﬁt the normal pattern of response to calcium concentration
gradient, indicating a possible disruption in Ca2+ and H+ ﬂuctua-
tions. This effect might be attributed to cellular stress in acidic organ-
elles (Fig. 8A). The altered distribution of H+ between the lysosomes
and the cytosol likely has a direct consequence on cellular responses.
Along this line, Mackiewicz and colleagues [25] observed ER stress
resulting from perturbations in Ca2+ homeostasis, redox status and
elevated secretory protein synthesis, any of which could be related
to the alterations observed in our study.
The complex modulation of sleep physiology and its correlation
with immune system function represent current areas of research
[7,9]. SD models are important for understanding the interplay be-
tween these systems. Our data clarify some of the cellular changes in-
volved and demonstrate a SD-induced reduction in Ca2+ signaling in
splenocytes, which participate in events such as cell development,
proliferation and motility and are essential for immune system
physiology.
Our results also show a reduction in Ca2+ mobilization from the
ER and lysosomes after SD, as demonstrated by a decrease in Ca2+
Fig. 7.Mitochondrial integrity is impaired after 72 h of SD. (A) Mitochondrial Ca2+ baseline ﬂuorescence after 72 h of sleep deprivation (n=6 for group; Student's t test *, pb0.05
vs. control). (B) Measurement of mitochondrial calcium uptake after addition of speciﬁc drugs for intracellular ion mobilization: ER Ca2+-ATPase inhibitor Thg (1 μM); K+/H+ ion-
ophore Nig (1 μM). Histogram of the ratio of ﬂuorescence increase comparing various conditions (F, maximal ﬂuorescence after drug addition/F0, initial ﬂuorescence) (one-way
ANOVAwith Tukey pos-hoc *, p b0.05 vs. control). (C) Time resolved ﬂuorescence imaging of calcium indicator Fluo‐3 AM in mouse splenic lymphocytes using confocal microscopy.
The red circles represent the addition of ER Ca2+-ATPase inhibitor Thg (10 μM) in both conditions (control and 72 h SD). Scale bar 20 μm.
2004 L. Lungato et al. / Biochimica et Biophysica Acta 1820 (2012) 1997–2006release upon exposure to Thg and Nig (Figs. 2, 4 and 6D). These data
suggest a dysregulation of cellular ionic content together with alter-
ations in H+ levels in acidic compartments (Fig. 8B). The differential
release of Ca2+ from the ER might represent a compensatory ion ac-
cumulation resulting from compromised lysosome physiology and
consequent alterations in cytosolic ion homeostasis.
One key organelle involved in Ca2+ homeostasis is the mitochon-
drion. This organelle plays a crucial role in Ca2+ uptake upon its re-
lease from intracellular stores in response to extracellular stimuli.
We veriﬁed the involvement of the mitochondria in Ca2+ homeosta-
sis, noting a signiﬁcant decrease in Ca2+ uptake from the ER (Fig. 7B)
in cells from sleep-deprived mice when the ER Ca2+ ATPase was
inhibited by Thg. We also evaluated intracellular Ca2+ ﬂuorescence
levels before the addition of drugs. Here, we observed an increased
concentration of Ca2+ in the mitochondria (Fig. 7A). Upon analyzing
the temporal sequence of the mitochondrial Ca2+ ﬂuctuations, we
noted that this increase in Ca2+ was evident after 24 h of SD (Figs.
2 and 6B), with a consequent reduction in mitochondrial membrane
potential after 12 h and a total disruption after 60 h of SD (Figs. 4
and 6C). Yang and colleagues [29] showed that SD induces transloca-
tion of Bax to mitochondria, cytochrome c release into the cytoplasm,
and a decrease in the membrane excitability of rat CA1 pyramidal
neurons. These observations are strongly relevant to Ca2+ homeosta-
sis, so it is possible that the changes detected in our study trigger mi-
tochondrial dysfunction.
Recently, ORAI and STIM were identiﬁed as the CRAC channel
subunit and the ER Ca2+ sensor, respectively [30]. We analyzed the
expression of ORAI1 and STIM1 mRNA in splenocytes isolated from
sleep-deprived mice. As shown in Fig. 9B, a signiﬁcant increase in
STIM1 expression was observed in sleep-deprived animals, but no dif-
ference in ORAI1 expression was detected. Constitutive activation ofthe CRAC channel facilitates increases in Ca2+ levels both at rest
and after cellular activation. This sustained Ca2+ increase enhances
mitochondrial Ca2+ loading and inﬂuences mitochondrial function,
which can, over time, trigger cell death. From this perspective, the
suppression of Ca2+ homeostasis observed in splenocytes of sleep-
deprived mice may reﬂect a reduction in the immune response, but
these cells may also suffer more drastic alterations, such as
dysregulation of autophagy, leading to cell death [27]. Our results
suggest that among the deleterious effects of SD, secondary effects
that alter Ca2+ and H+ homeostasis may represent important factors
that contribute to cellular damage and death.
Our work shows that there may be a very close relationship be-
tween SD and loss of cellular viability through mechanisms involved
in ion homeostasis (Ca2+ and H+). The data presented in Fig. 1A
show that there was a very signiﬁcant increase in Ca2+ uptake by
membrane SOCE channels during the ﬁrst 12 h of SD as compared
with the control. Between 24 and 48 h (Figs. 2, 3 and 4A), no clear dif-
ferences from the control group were noted. However, after 60–72 h
of SD, there was a signiﬁcant reduction in Ca2+ uptake (Figs. 5 and
6A). These data demonstrate that intracellular stores are depleted
within the ﬁrst hours of SD, promoting a rapid mobilization of Ca2+
inﬂux mechanisms. These ﬁndings are in accord with our results
from the 24 h time point (Fig. 2D and E), which revealed no increase
in Ca2+ release from organelles (ER and lysosomes). The reason un-
derlying the low efﬁciency of immune cells during SD is still un-
known, but our data strongly suggest that an imbalance of Ca2+
inside cellular organelles triggers mechanisms that, in turn, may re-
sult in immune dysfunction. The reductions in the total and B cell
populations in the spleen observed after 72 h of SD (Fig. 10A and B)
reinforce this hypothesis, suggesting that the immune systems of
these animals are heavily compromised.
Fig. 8. Lysosomal integrity is impaired after 72 h of SD. (A) Effect of K+/H+ ionophore Nig (10 μM) followed by Ca2+-ATPase inhibitor Thg (10 μM). Fluorescence ratio histogram
(F, maximal ﬂuorescence after drug addition/F0, initial ﬂuorescence) of Nig effect (mean±S.E.M; n=50 cells) (unpaired t test *, pb0.05 vs. control). (B) Morphology and ion
homeostasis of lysosomes from splenocytes. Cells (control and sleep deprived) were loaded with AO probe and dual ﬂuorescence images were acquired in confocal microscopy.
Scale bar, 20 μm.
2005L. Lungato et al. / Biochimica et Biophysica Acta 1820 (2012) 1997–2006To provide new approaches for the treatment of sleep disorders, a
clearer understanding of the regulation of the cellular processes in-
volved in the immune response and the central nervous system is
crucial. Our ﬁndings reveal that changes in Ca2+ homeostasis in
splenocytes are among the alterations responsible for the immune
dysfunction observed after sleep disturbance.Fig. 9. The ER starts to signal the inﬂux of extracellular Ca2+ after 72 h of SD. mRNA
expression of STIM1 (n=7/group; Student's t test *, pb0:05 vs. control). mRNA expres-
sion of ORAI1 (n=8 and 7, respectively; Student's t test, p>0.05 vs. control). GADPH
gene was used as a reference. Values are represented as mean±SD.Acknowledgments
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